Allergic contact dermatitis (ACD) is driven by the activation and proliferation of allergen-specific memory T-lymphocytes and is currently diagnosed by patch testing with a selected panel of chemical allergens. The lymphocyte transformation test (LTT) can be used to monitor ex vivo T-lymphocyte responses to antigens, including contact allergens. The LTT is not viewed as being an alternative to patch testing, but it does seek to reflect experimentally skin sensitization to specific chemicals. The LTT is based on stimulation in vitro of antigendriven T-lymphocyte proliferation. That is, exposure in culture of primed memory T-lymphocytes to the relevant antigen delivered in an appropriate configuration will provoke a secondary response that reflects the acquisition of skin sensitization. The technical aspects of this test and the utility of the approach for investigation of immune responses to contact allergens in humans are reviewed here, with particular emphasis on further development and refinement of the protocol. An important potential application is that it may provide a basis for characterizing those aspects of T-lymphocyte responses to contact allergens that have the greatest influence on skin sensitizing potency and this will be considered in some detail.
Introduction
Contact dermatitis is an inflammatory reaction induced in the skin following topical exposure to environmental or industrial low molecular weight (LMW) chemicals and can take two forms, i.e. irritant contact dermatitis (ICD) and allergic contact dermatitis (ACD), which are clinically very similar and frequently indistinguishable. Irritation arises as a result of direct cell damage. In contrast, ACD develops in two phases. In the first phase, topical exposure of an inherently susceptible subject to a chemical allergen results in immunological priming and the acquisition of skin sensitization. If that sensitized individual is exposed subsequently, at the same or a different skin site, to the inducing chemical allergen, then an accelerated and more aggressive secondary immune response will be elicited. This in turn causes a local inflammatory reaction in the skin at the site of exposure that is characterized clinically as ACD (Cavani et al., 2007; Kimber et al., 2011; Nosbaum et al., 2009 ). Many hundreds of chemicals are known to act as contact allergens. However, they differ very considerably in their activity. In fact, contact allergens are believed to vary by up to five orders of magnitude with respect to their relative sensitizing potency and their ability to drive the acquisition of skin sensitization (Kimber et al., 2001; Lalko et al., 2011) .
Diagnosis of ACD and identification of the causative chemical(s) relies on patch testing. Chemicals of interest are applied to the skin (usually on the subject's back) at pre-determined concentrations. Some days later, following removal of the patch, any inflammatory reaction at the site of challenge is scored (Joy et al., 2013; Wahlberg & Lindberg, 2006) . The cutaneous inflammatory reaction is driven initially by the local infiltration and activation of the previously expanded population of chemical allergen-specific memory T-lymphocytes. This in turn induces the recruitment of other immune cells and the release of cytokines and other inflammatory mediators that act in concert to cause the elicitation of a cutaneous inflammatory reaction (Martin, 2012) . Based on clinical judgment, a positive patch test result can confirm that a subject is allergic to particular chemical(s) and to some extent provides a perspective on the extent of sensitization, the latter being based on the vigor of the induced skin reaction (Davis et al., 2013) . Scoring of ACD reactions includes consideration of the size of erythematous reaction, the extent of edema and the presence of vesicles at the application site, with the strongest responses being associated with extreme blistering reactions. In addition, in an experimental context, the threshold dose of allergen required for elicitation of a discernible patch test reaction can also be a valuable metric in evaluation of the extent to which a subject is sensitized (Friedmann, 2007) .
Patch testing is a practical and reliable technique for the diagnosis of ACD (Devos & van der Valk, 2002) where interpretation of the cutaneous response requires considerable experience and expert knowledge (Bruze et al., 1995) . The patch test concentrations that are applied are considered carefully and represent a compromise between maintaining diagnostic sensitivity and ensuring that irritant reactions, that would confound the identification of an allergic reaction, are infrequent. Interpretation is not always straightforward and false positive and negative reactions can hinder accurate clinical interpretation (Sherertz et al., 2001) . It is believed that patch tests can cause the acquisition of (iatrogenic) sensitization in a previously unresponsive subject; such cases are very rare (Jensen et al., 2006; Mowad, 2006) . With the careful consideration of standard allergens and applied concentrations, the risk of inadvertent sensitization is extremely low, however active sensitization has been reported for some strong sensitizers such as p-phenylenediamine (PPD) (Devos & van der Valk, 2001) .
The lymphocyte transformation test (LTT) is an experimental recall assay in which allergen-reactive memory T-lymphocytes drawn from peripheral blood of sensitized individuals are re-stimulated in vitro with relevant allergen to provoke a specific response (Nyfeler & Pichler, 1997) . The LTT has the potential to characterize more fully the nature of immune responses to contact allergens in humans by providing additional information, such as, for example, identification of functional sub-populations responsive to allergen and cytokine secretion profiles. Since the concept of the LTT was first realized, there have been opportunities to modify/refine the method. The more important developments are considered here.
Immunobiology of allergic contact dermatitis
The central immunobiological event of ACD is the activation of allergen-specific T-lymphocytes. This requires initiation of a complex sequence of events, that is tightly regulated in time and space and that drives the acquisition and determines the potency of sensitization (Cavani et al., 2001; Kimber et al., 2012; Roberts & Aptula, 2008; Toncic et al., 2011) . Initially, LMW chemicals must penetrate the skin gaining passage through the lipophilic strateum corneum and access to the viable epidermis and dermis (Berard et al., 2003) . Free chemicals are of insufficient size to elicit an adaptive immune response; therefore, to acquire immunogenic potential, chemicals must form stable associations with proteins in the skin creating hapten-protein conjugates. For this reason chemical allergens are either naturally electrophilic or can be metabolized or otherwise converted into an electrophilic moiety. This phenomenon was recognized first by Landsteiner and Jacobs (1935) , who discovered that chemicals can act as sensitizers by binding to skin proteins.
Hapten-protein conjugates are recognized, internalized and processed by cutaneous dendritic cells (DC) [both epidermal Langerhans' cells (LC) and dermal DC)]. Allergen bearing DC are stimulated to leave the skin and to migrate via afferent lymphatics to regional lymph nodes. Here allergen is presented to antigen-responsive T-lymphocytes that are induced to divide and differentiate. If clonal expansion of allergen-responsive T-lymphocytes is of sufficient magnitude then skin sensitization will be acquired. If the sensitized subject re-encounters the same chemical allergen, at the same or a different skin site, then a more vigorous and accelerated secondary immune response may be elicited, resulting in ACD (Becker & Knop, 1993) . As indicated above, this cutaneous inflammatory reaction is characterized by an influx of lymphocytes and other leukocytes and the release of inflammatory mediators (Grabbe & Schwarz, 1998) .
For allergen-specific T-lymphocyte activation and the elicitation of cellular cyto-toxicity that causes the clinical manifestations of ACD, the T-cell receptor (TCR) for antigen must recognize and interact with chemical haptens presented appropriately on peptides and in the context of major histocompatibility complex (MHC) gene products expressed on specialized antigen presenting cells (APC) (Martin, 2004; Martin et al., 2010; Thierse et al., 2005) . Classical haptens can be presented by MHC Class I and/or Class II molecules as haptenated peptides, wherein epitopes recognized by TCR are generated via processing of chemically modified proteins by APC or, in some instances, by direct modification of peptides already associated with MHC determinants. In this way, protein-reactive chemicals can be recognized as covalently hapten-modified MHC-bound peptides by both CD8 and CD4 T-lymphocytes Moulon et al., 1995; Ortmann et al., 1992; Vocanson et al., 2006) . Non-classical haptens, including metal ions such as nickel, can interact directly in a non-covalent fashion with the MHC determinants or the TCR (Gamerdinger et al., 2003) .
Dependent on the nature of the inducing contact allergen, skin exposure can result in the differentiation and expansion of allergen-specific effector CD8 T-lymphocytes (Type 1 cytotoxic T-cells; Tc1)-characterized by interferon (IFN)-g release and of various functional sub-populations of CD4 T-lymphocytes, including T-helper (T H )-1, -2, and -17 cells and T-regulatory (T reg ) cells-each with characteristic cytokine expression profiles (Kimber & Dearman, 2002; Saint-Mezard et al., 2004; Vocanson et al., 2005) . Thus, expanded nickel-specific T-lymphocytes from allergic patients were found to comprise CD8 T-lymphocyte clones expressing IFNg, whereas T reg cells expressing interleukin (IL)-10 performed a regulatory function in non-allergic patients (Cavani et al., 1998) .
History of the lymphocyte transformation test in allergic contact dermatitis
Various manifestations of the LTT have been used for the characterization of (LMW) drug hypersensitivities (Pichler & Tilch, 2004) and in developing enhanced mechanistic understanding of skin sensitization and ACD, as considered here. Important advantages of this approach are that the cascade of events leading to T-lymphocyte priming has already occurred within the skin and lymph nodes, resulting in populations of memory T-lymphocytes in the peripheral blood that are easily accessible as they have already expanded in vivo. In addition, it is possible to adapt the method to explore aspects of naïve T-lymphocyte activation and priming in vitro, that may find utility in the development of methods for the prospective identification of potential skin sensitizers (Adler et al., 2011; Basketter et al., 2012; Gerberick & Robinson, 2000; Pichler, 2001) .
One of the first attempts to study T-lymphocyte responses to chemical haptens using ex vivo human peripheral blood cells was published some 35+ years ago (Newman et al., 1977) . That model was developed further to measure both primary and secondary proliferative responses of lymphocytes to trinitrophenol (TNP) by in vitro priming and subsequent re-stimulation with haptenmodified peripheral blood mononuclear cells (PBMC); studies that highlighted a requirement for MHC presentation as higher proliferative responses were recorded for autologous compared with allogeneic cultures (Seldin & Rich, 1978) . The data suggested that, for an effective secondary proliferative response, T-lymphocytes required the TNP hapten to be presented by human leukocyte antigen (HLA) determinants and in particular by HLA-D.
Much of the pioneering work on development of an LTT focused on nickel. Nickel ACD has been studied extensively as a model of skin sensitization as nickel is one of the most prevalent contact allergens (Nguyen et al., 2008) . Following restrictions on the use of nickel within consumer products by the European Union (EU) in 1994 the prevalence of nickel ACD has declined in EU countries (Jensen et al., 2002) . However, it remains an important cause of skin sensitization and ACD. One interest was to determine whether activity in the LTT in nickel allergy could be of use in distinguishing between true clinical responses and false positive reactions to nickel in the patch test (Al-Tawil et al., 1981; Everness et al., 1990; Kimber et al., 1990; Silvennoinen-Kassinen, 1980; Svejgaard et al., 1978) . The LTT correlated well with patch test results for nickel-positive individuals, but yielded a high percentage of positives in patch testnegative healthy controls (30%) (von Blomberg-van der Flier et al., 1987) . One possible explanation might be that the LTT reveals sensitization to nickel below the threshold for a clinically discernible patch test reaction following challenge (that is, subclinical levels of sensitization). However, it would be very difficult in practice to distinguish a low level specific response in the LTT from a true-false positive response. Rasanen and Tuomi (1992) also compared the use of patch testing with the nickel LTT in 21 nickel allergic patients and found that 95% and 86%, respectively, were identified as positive, indicating that in that series the LTT may have been somewhat less sensitive than patch testing. Nickel-specific CD4 T-lymphocytes have been isolated from peripheral blood and from the site of skin challenge of the same allergic patients (Kapsenberg et al., 1987) . The TCR variable gene repertoire was shown to be the same in blood-and skin-derived T-lymphocyte clones specific for nickel (Werfel et al., 1997) . Therefore, characterization of in vitro of nickelreactive T-lymphocytes from peripheral blood reflects accurately the nature of the allergic response in the skin (Pacheco et al., 2013) . This has important implications for analysis of T-lymphocytes from patients sensitive to other contact allergens where cells derived from blood samples, while biologically relevant to skin sensitization, are more conveniently obtained than from skin biopsies.
Following this early use in the study of nickel sensitized patients, the LTT was further developed to characterize allergenspecific responses to other contact allergens, including metal salts such as cobalt (Moed et al., 2005) , chromium (Rasanen et al., 1991) , MCI (methylchloroisothiazolinone) , DNCB (2,4-dinitrochlorobenzene) (Pickard et al., 2007) , and PPD (Coulter et al., 2010; Kimber et al., 1990; Kneilling et al., 2010; McFadden et al., 2011) . Although metals such as nickel can, for the purposes of the LTT, be readily dissolved in aqueous culture media in the form of metal salts, difficulties arise when using lipophilic chemicals (which applies to most contact allergens). For the latter, different strategies may be required.
Considerations, interpretations and limitations of lymphocyte transformation test
The clinical manifestations of ACD require the involvement of several cell types, including keratinocytes, LC, other skin-resident DC and T-lymphocytes (Novak et al., 1999; Sullivan et al., 1986) . The most commonly used LTT protocol employs unfractionated PBMC populations that contain both T-lymphocytes and monocytes that can act together to mount a response without the need for addition of supplementary cell populations. The conventional LTT, as conducted using PBMC isolated from sensitized patients, is depicted in Figure 1 . The basic protocol for the LTT requires the enrichment of PBMC from whole blood using density gradient centrifugation (Pichler & Tilch, 2004 ). The PBMC fraction can then be characterized and cultured at a known cell density with a range of selected concentrations of chemical allergen delivered into culture (in a variety of formats) for between 5-7 days at 37 C in an atmosphere of 5% CO 2 /95% air. The most widely applied method for measuring lymphocyte proliferation is [
3 H]-thymidine (TdR) incorporation that is usually added as a pulse in the final 16 h of culture (Cleaver, 1967) . Cell proliferation is measured as a function of [ 3 H]-TdR incorporation (b-scintillation counting) and stimulation indices (SI) can be calculated by reference to control populations cultured in the same way and for the same period in the absence of allergen. Within the compass of this broad design, modifications in protocol or technique can be introduced as depicted by dashed lines in Figure 1 ; such modifications can impact on the results obtained.
During the cell culture phase, important considerations include the use of autologous plasma versus human blood group ABserum as a medium supplement, responder cell density, plate format, duration of assay (usually a 5-7 day stimulation window), concentration of chemical allergens (in whatever format), concentration and timing of [ 3 H]-TdR addition and use of appropriate positive and negative controls (Mallone et al., 2011) . Each of these variables has the potential to introduce subtle changes that can influence significantly the results obtained. These factors can, therefore, represent important causes of intra-and inter-laboratory variation.
Antigen-driven lymphocyte proliferation can be highly variable and requires an appropriate control to ensure that healthy cells have been isolated successfully. Tetanus toxoid (TT) provides one possible option, at least in those countries that have in place a tetanus vaccination program (Fryauff et al., 1999) . Phytohemagglutinin (PHA) is a polyclonal T-lymphocyte mitogen, but a less exacting control than TT that induces antigenspecific recall responses (Sodomann et al., 1979) .
Timing of lymphocyte transformation test relative to in vivo allergen-induced responses
Reproducibility and sensitivity are two important aspects of the LTT assay. High background proliferation may limit assay sensitivity and becomes an issue if PBMC populations contain a high frequency of activated proliferating cells that would, therefore, mask any additional effect of the allergen and result in low SI values. In particular, the timing of the drawing of blood relative to the time of sensitization or challenge could be an important factor. Little information about this is available, although research into drug hypersensitivity suggests that the timing of the LTT relative to clinical signs and patch testing is a key consideration (Kano et al., 2007) . In that study patients were recruited that had previously shown adverse drug reactions, including: maculo-papular type of drug eruptions, StevensJohnson syndrome/toxic epidermal necrolysis and drug-induced hypersensitivity syndrome and/or drug rash and eosinophilia with systemic symptoms (DIHS/DRESS). False negatives were recorded in the LTT when the assay was conducted up to 3 weeks following onset of clinical signs for DIHS/DRESS patients. It was found that the optimal timing of the assay varied for different drugs and type of drug reaction. One explanation for this could be that the LTT is driven by memory T-lymphocyte responses and that the availability of such cells in blood would be significantly reduced if there was an on-going hypersensitivity reaction recruiting memory cells to the site of encounter with antigen. For drug hypersensitivities the Kano et al. (2007) study, therefore, suggests that the LTT assay should be performed during remission and at least 4 weeks after a clinical reaction. The implication for the LTT as applied to skin sensitization is that the assay should ideally not be conducted during the 4 weeks following an allergic reaction or a positive patch test.
Approaches to optimization of the lymphocyte transformation test
The T-lymphocyte phenotype and activation state are important in the development of ACD and will impact significantly on proliferative responses recorded in LTT assays. As an alternative to unfractionated PBMC, purified CD8 and CD4 T-lymphocyte populations have been used in the LTT and cultured with autologous monocyte-derived DC to assess the cytokine secretion profiles of each subset in PPD allergic patients (Coulter et al., 2010) . Although the use of purified T-lymphocyte subsets has the advantage of allowing assessment of the responsiveness of a particular cell subset, it is does not provide an holistic reflection of the immune response directed against a chemical allergen.
To overcome variability observed when freshly isolated peripheral blood cells are used and increase hapten-specific T-lymphocyte frequency, T-cell clones can be generated by limiting dilution and clonal expansion (Coulter et al., 2008) . In such experiments, peripheral blood is taken from those individuals known to be allergic (patch test-positive) to PPD and proliferation measured following in vitro stimulation with the same allergen. In addition, in order to observe true antigenspecific responses and APC-T-lymphocyte interactions, a number of T-cell clones are generated from PPD-stimulated lymphocytes and cytokine secretion measured following further stimulation with autologous APC and PPD. However, the behavior of a clone in an LTT assay is not reflective of overall phenotype of antiallergen immune responses in sensitized subjects as only one specific TCR is represented. In contrast, whole T-lymphocyte populations likely contain a pool of cells with varying characteristics potentially specific for several hapten-protein epitopes.
An alternative or supplementary strategy to improve sensitivity is the addition of certain cytokines to the culture media. The addition of cytokines such as IL-12/IL-7 and IL-4/IL-7 to the LTT culture media may improve sensitivity by increasing expression of co-stimulatory molecules on APC, thereby enhancing antigenpresentation and increasing proliferative potential via IL-2 and cell survival (IL-7) (Kneilling et al., 2010) .
Again, use of such supplements may skew the overall response with respect to the overall quantity and quality of the induced T-lymphocytes by activating/suppressing specific T-lymphocyte subsets.
Chemical hapten presentation
Another very important consideration is the method selected to introduce the recall allergen; either by the addition of free chemical or as preformed chemical hapten-protein conjugates. Although the majority of skin sensitizing chemicals are inherently electrophilic, it is now appreciated that as many as one third of all contact allergens require either metabolic (pro-haptens) or abiotic activation such as auto-oxidation (pre-haptens) for the formation of hapten-protein conjugates (Chipinda et al., 2011) . It is assumed that such conjugates form spontaneously in vitro in tissue culture with proteins such as human serum albumin (HSA) and that prehaptens may undergo auto-oxidation in culture media. However, it is unlikely that culture conditions are necessarily optimal for conjugate formation and in addition for many chemical allergens the dynamic range of T-lymphocyte activation is relatively narrow with respect to free chemical, as such organic materials exhibit toxicity at relatively low concentrations. The creation in vitro of well-characterized chemical hapten-protein conjugates that can be added to cell cultures under defined conditions may circumvent some of these issues. Indeed, antibiotic-HSA conjugates have been used to investigate T-lymphocyte responses in drug-induced hypersensitivity reactions (Gaspard et al., 2000) . In one report in which comparisons were made, higher concentrations of hapten conjugate than chemical allergen alone were required to stimulate T-lymphocyte proliferation, but this proliferative response was of a higher magnitude and without the associated cellular toxicity seen with direct addition of the free chemical . However, at present there is little understanding of what properties an effective hapten-protein conjugate will possess.
Alternative methods to measure cellular proliferation
Bystander activation of non-specific T-lymphocytes during an antigen-specific T-lymphocyte response was first described during antiviral responses by CD8 T-lymphocytes (Tough et al., 1996) , but has since been shown to also be exhibited by CD4 T-lymphocytes (Boyman, 2010) . Bystander activation has been observed in patients with atopic dermatitis and it is likely that bystander cells are also activated in vivo in response to chemical contact allergens in ACD. During allergic skin responses in patients with atopic dermatitis the initial allergic response to aeroallergens is characterized by low numbers of antigenspecific T H 2-type T-lymphocytes which subsequently switches to a T H 0/T H 1-type response following the activation of higher numbers of bystander T-lymphocytes in response to IL-12 produced by cells such as eosinophils and macrophages (Thepen et al., 1996) . In the conventional LTT, PBMC are incubated with chemical contact allergen for 5-7 days and cell proliferation then measured by [ 3 H]-TdR incorporation. One limitation of this method is that incorporation is measured in all proliferating cells and does not discriminate between allergen-specific and nonspecific bystander cells. However, this may simply reflect the physiological response.
Alternative approaches to measure cellular proliferation in response to contact allergens have been developed that not only move away from using radiolabeled cells, but also aid in the identification and characterization of allergen-specific proliferating cells. 5-bromo-2deoxyuridine (BrdU), a non-radioactive thymidine analog detected by enzyme-linked immunosorbant assay (ELISA), can be used as an alternative read-out for the LTT. This endpoint has been used to detect drug-specific T-lymphocyte responses within peripheral blood from patients presenting with cutaneous adverse drug reactions to anticonvulsants (Hanafusa et al., 2012) . Alternatively, cell cycle S-phase can be measured using flow cytometry with an anti-BrdU antibody (Gonchoroff et al., 1986) . One advantage of using BrdU is that the phenotype of the proliferating population of cells can be identified, for example, as CD8 and CD4 T-lymphocytes, with cell surface markers alongside intracellular BrdU staining by flow cytometry.
CFSE (carboxyfluorescein diacetate succinimidyl ester) staining is another method that measures proliferation by flow cytometry with the added benefit that peaks in fluorescence intensity can determine how many cell divisions have occurred. CFSE passively diffuses into cells where acetate groups are cleaved by cellular esterases to yield highly fluorescent carboxyfluorescein succinimidyl ester. This acquired cell fluorescent intensity is inherited by daughter cells and halved with each successive cell division with the advantage that it is not transferred to adjacent cells in a population (Fulcher & Wong, 1999; Quah et al., 2007) . However, there is no information available regarding the use of this endpoint in the LTT for ACD, possibly as this technique in other scenarios displays considerably lower sensitivity than does [
3 H]-TdR incorporation, suggesting it may not be applicable to identification of a relatively small proportion of proliferating cells (Humphreys et al., 2003) .
Another approach for measuring the proliferation of small cell numbers within in vitro assays is the marker Ki-67 (Soares et al., 2010) . Ki-67 is a nuclear protein expressed during all active phases of cell division and has been shown to play a role in the regulation of cell division (Gerdes et al., 1984) . When compared with BrdU and the CFSE-derivative Oregan Green (OG), the overall magnitude of Ki-67 expression in response to TT antigen correlated with BrdU and OG. The sensitivity of Ki-67 was found to be similar to OG; however, more sensitive than BrdU (Soares et al., 2010) . Although Ki-67 expression is a commonly used measure of antigen-specific proliferation in other disciplines such as tumor immunology (Nakano et al., 2001) , this marker has not been utilized fully as an endpoint in the LTT in ACD. In our experience, Ki-67 expression represents a useful tool when used together with standard [ 3 H]-TdR incorporation as a means of identifying allergen-specific CD8 and CD4 T-lymphocyte subset proliferative responses in patients allergic to PPD and methylisothiazolinone (MI).
Allergen-driven activation and cytokine secretion
In addition to proliferation, activated T-lymphocytes also produce cytokines that can be measured by flow cytometry (intracellular production) or in cell supernatants via ELISA (secreted cytokine). The cytokine profile in response to contact allergens has been shown to vary for different allergens. Measurement of induced secretion of IFNg and IL-12 provide markers of selective Type 1 (T H 1/Tc1) responses, whereas IL-4, -5, -10 and -13 can be used as markers of preferential Type 2 (T H 2/Tc2) responses. Subjects allergic to the contact allergen PPD displayed increased activity of Type 2 cytokines in both CD4 and CD8 T-lymphocytes in LTT assays (Coulter et al., 2010) . In response to a mixture of MCI and MI, cellular proliferation has been characterized by secretion of both T H 1 (IL-2 and IFNg) and T H 2 (IL-4, -5 and -13) cytokines .
The enzyme-linked immunospot assay (ELISpot) can be used as an alternative to ELISA and measures secreted cytokines on a per cell basis by immediate capture and immobilization of cytokine expressing cells. In this way the ELISpot can provide information on the numbers of antigen-specific cytokine secreting cells and the amount of secretion can be calculated by the area of the spots for each cell. ELISpot assays are a sensitive and specific in vitro assay for detecting cytokine profiles in response to contact allergens (Bordignon et al., 2008) . In patients with ACD to nickel, the ELISpot assay was shown to improve detection of specific T-lymphocyte responses (Spiewak et al., 2007) .
Secondary immune responses involve activation of allergenspecific memory T-lymphocytes and measurement of activation markers on T-lymphocytes provides an alternative non-radioactive endpoint for proliferation-related events. ACD is, at least in part, a cytotoxic T-cell-mediated immune response (Kehren et al., 1999; Kish et al., 2012) . Granzyme B-and IFNg production (measured by ELISA or ELISpot) have been used as endpoints for cytotoxicity drug-allergic responses (Porebski et al., 2013) and could also be used for ACD. Other phenotypic markers that have been associated with CD4 T-lymphocyte activation in PBMC derived from drug-allergic patients, such as the activation marker CD69, may also be applicable to T-lymphocyte responses in ACD (Beeler et al., 2008) .
Immunomodulation
Altering the cellular composition of the PBMC culture is another way of potentially enhancing assay sensitivity by either blocking specific cellular molecules or by depleting certain cell populations. For example, blocking of CTLA-4 (cytotoxic T-lymphocyte antigen 4), the negative regulator of T-lymphocyte activation, was shown to improve the sensitivity of LTT assays where PBMC were derived from nickel allergic patients (Sugita et al., 2012) . Depletion of CD25-expressing cells enhances the sensitivity of assays to detect immunogenic properties of weak antigens, potentially due to the removal of T reg (CD4 +ve CD25 hi FoxP3 +ve ) cells that may suppress anti-hapten T-lymphocyte responses (Vocanson et al., 2008) . A summary of the format and range of lymphocyte transformation type assays used to assess T-lymphocyte proliferation in response to chemical contact allergens is shown in Table 1 .
Future prospects
The LTT is more than an assay. If performed correctly, with appropriate controls, the LTT provides a potentially very useful tool for exploring the characteristics of human adaptive immune responses. Moreover, the LTT offers important opportunities for toxicologists to dissect out the cellular bases for the initiation and regulation of skin sensitization responses in humans. Of particular interest is use of the LTT for defining functional sub-populations of CD4 and CD8 T-lymphocytes responsive to chemical allergens and the contributions they make individually and in concert to the acquisition of skin sensitization.
One application of the LTT in which we are particularly interested is in identifying the important elements of the adaptive immune system that influence the extent to which skin sensitization is acquired. The expectation is that an appreciation of the relationship between the characteristics of adaptive immune responses to contact allergens and the extent of sensitization will allow extrapolation to defining the essential features of immune responses that govern the relative skin sensitizing potency of contact allergens. Identification of those key elements that drive relative potency may also facilitate the construction of mathematical paradigms for the characterization of skin sensitization responses.
We and others have speculated previously that the potency of skin sensitization might be a function of one or more of three aspects of the adaptive immune response. These are the: (a) vigor of T-lymphocyte proliferation and the extent of clonal expansion; (b) balance between various functional subsets of T-lymphocytes (including the relative number of antigen responsive CD4 and CD8 T-lymphocytes) and the relationship between T reg and effector cells; and (c) promiscuity of the immune response and number of clones responsive to inducing contact allergen (Kimber et al., 2012) . The LTT gives us the opportunity, in humans, to attempt to define the critical immunological events that dictate the relative sensitizing potency of contact allergens.
